In vitro pure culture studies were conducted on three different strains of Escherichia coli (K-12, EPA 00244, and SWEI) to determine the effect of chlorination on catalase activity. In each case, stationary-phase cells exhibited significant (P < 0.001) reductions in enzyme activity following exposure to chlorine. Mean differences in activity between control and chlorine-stressed cells ranged from 8.8 to 20.3 U/mg of protein for E. coli SWEI and EPA 00244, respectively. Following initial enzyme studies, resuscitation experiments utilizing the membrane filtration technique were conducted on chlorinated sewage effluent. Five different amendments, including catalase (1,000 U per plate), heat-inactivated catalase (1,000 U per plate), sodium pyruvate (0.05%), a catalase-sodium pyruvate combination (1,500 U/0.01%), and acetic acid (0.05%), were tested for the ability to enhance detection of chlorine-stressed cells on M-fecal coliform (M-FC), mT7, M-Endo, and tryptoneglucose-yeast extract (TGY) media. Significant (P < 0.001) increases in recovery of fecal coliforms on M-FC, total coliforms on mT7 and M-Endo, and total heterotrophs on TGY were obtained on plates containing catalase, pyruvate, or the combination of these compounds. Supplementation with heat-inactivated catalase and acetic acid did not improve recovery of chlorine-stressed cells compared with recovery on nonamended media. Subsequent analysis of colonies from plates containing compounds which enhanced recovery indicated coliform verification percentages of >80% on M-FC, >90% on mT7, and >94% on M-Endo media. These data suggest that the addition of peroxide-degrading compounds to various standard recovery media may improve detection of both coliform and heterotrophic bacteria in chlorinated waters.
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Chlorination is the most widely used method in the United States for disinfection of potable waters and municipal sewage discharges. Coliform bacteria are employed as indicator organisms to monitor chlorinated waters, since their detection may signify the presence of pathogens. It is well recognized that coliforms subjected to chlorine may become stressed, resulting in a reduced ability of these injured bacteria to proliferate on selective media employed for their detection (7, 10, 24, 33) . Failure to detect coliforms can lead to an overly optimistic estimate of the safety of a water when, in essence, pathogens may still exist.
The inability to recover chlorine-injured coliforms on recommended M-fecal coliform (M-FC) and M-Endo media has been attributed, in part, to various surface-active ingredients in each medium (6, 13) . Normally, indicator organisms are resistant to surfactants; however, damage to the cell membrane following chlorine exposure may result in an increased sensitivity to these compounds. Moreover, once membrane systems are damaged, chlorine may attack other components of the cell, including several enzymes and nucleic acids (20, 21) . Reductions in oxygen uptake and respiration, cellular ATP concentration, and oxidative phosphorylation have also been shown to occur in Escherichia coli as the result of chlorine-damaged membranes (5, 10, 20) .
Because of the location of certain enzymes involved in aerobic respiration, the possibility exists that these specialized proteins will be targets of chlorine attack. Several stress conditions reduce catalase activity in E. coli (8a, 9, 29, 30) .
Although numerous methods to detect chlorine-stressed coliforms from water have been developed, few of these modified techniques were designed with respect to chlorine damage of the catalase enzyme. A reduction in catalase activity may afford a secondary stress to bacteria, especially if the cells are forced to grow under aerobic incubation conditions. One consequence of reduced catalase activity may be the accumulation of toxic hydrogen peroxide (H202), to which injured bacteria apparently become increasingly sensitive (30, 35) . The exogenous addition of catalase or nonenzyme peroxide-degrading compounds, such as sodium pyruvate, to various selective media has been reported to increase detection of stressed cells of E. coli, Salmonella spp., and coliform bacteria (8a, 25, 32) . In these studies, the main function of pyruvate was to degrade H202, as opposed to functioning as an additional carbon source for the cells. Accordingly, the objectives of this study were to (i) investigate the effect of chlorine on catalase activity of E. coli in pure culture, (ii) assess the effectiveness of catalase and sodium pyruvate as amendments to standard recovery media for the detection of coliform and heterotrophic bacteria from chlorinated sewage effluents, and (iii) determine whether these amendments promote the growth of noncoliforms on selective media. (1) M-Endo and M-FC broth, supplemented with 1.5% agar, and mT7 agar (Difco) (22) . Some media were amended with catalase, sodium pyruvate, or both. Crystallized bovine liver catalase (Sigma) was dissolved in 0.05 M potassium phosphate buffer (3:2, K2HPO4-KH2PO4), pH 7.0, to desired concentrations. Enzyme solutions were filter sterilized with a 0.22-,um-poresize membrane filter (GA-8; Gelman Sciences, Ann Arbor, Mich.), and 0.1-ml samples were aseptically transferred to the surfaces of the media to provide 500, 1,000, 2,000, and 4,000 U per plate. Sodium pyruvate (Eastman Kodak Co., Rochester, N.Y.) was added at desired concentrations (0.01, 0.05, 0.25, and 1.0%) directly to TGY and mT7 media prior to autoclaving and to M-Endo and M-FC media prior to boiling. The pHs of the sterile media were adjusted according to the specifications of the manufacturer. Media lacking supplements were designated nonamended controls.
MATERIALS AND METHODS
Chlorinated sewage samples were collected from the effluent of the Morgantown Sewage Treatment Plant in sterile 2-liter Nalgene bottles containing 1 ml of 20% Na2S203. Serial dilutions were prepared in 0.1% peptone buffer. Levels of coliform and HPC bacteria were determined by the standard membrane filtration technique (1) (14) .
Enhanced-recovery studies. Data on compounds and concentrations which provided optimal recovery of chlorinestressed bacteria were employed in subsequent studies for additional analysis of chlorinated sewage effluents. Media (nonamended and amended) for recovery of coliforms and HPC bacteria were as described above. In addition to these supplements, heat-denatured catalase (60°C for 15 min) and acetic acid (Fisher Scientific Co., Pittsburgh, Pa.) were utilized and served as controls for the active enzyme and sodium pyruvate, respectively. The degradation of H202 through oxidative decarboxylation of an a-keto acid such as pyruvic acid results in the formation of acetic acid and CO2 as end products (16, 17) . Addition of acetic acid to media and subsequent pH adjustment were as described above for sodium pyruvate. Chlorinated sewage samples were processed by the membrane filtration technique, and colonies were enumerated after a 24-h incubation at appropriate temperatures. Plate count data were analyzed by a one-way analysis of variance (14) . Differences (14) .
All blue colonies on M-FC medium, representing presumptive fecal coliforms, were picked from filters of at least one replicate plate and inoculated simultaneously into tubes of brilliant green lactose bile broth and EC broth for verification. Similarly, all colonies producing a yellow color on mT7 and a metallic green sheen on M-Endo media were chosen from at least one replicate plate for total coliform verification in lauryl sulfate broth and brilliant green lactose bile broth. Tubes were incubated for 24 to 48 h under appropriate temperatures and scored positive when growth and gas formation were observed (1). Tubes exhibiting growth but no gas formation were scored negative for coliforms, and bacteria were identified by the API 20E system (Analytab Products, Plainview, N.Y.).
RESULTS
Catalase activity. Without exception, all E. coli strains exposed to chlorine exhibited significant (P < 0.001) reductions in the specific activity of catalase compared with activity in their respective controls (Fig. 1 ). E. coli SWEI was the most sensitive to chlorine, as indicated by a difference in the specific activities of control and chlorine-exposed cells of 20.3 U/mg of protein. In contrast, the calculated difference between activities of control and stressed cells of E. coli EPA 00244 and K-12 were 8.8 and 9.3 U/mg of protein, respectively.
Optimal recovery with catalase and pyruvate supplements. On all media, at least one concentration of catalase provided statistically better (P < 0.001) recovery of target organisms from chlorinated sewage effluent than the controls did (Table  1) . Increased recovery of HPC bacteria on TGY was observed for all amended plates except those containing 4,000 U of catalase, with maximum detection on TGY containing 1,000 U of catalase. Similarly, fecal and total coliforms benefitted most by addition of 1,000 U of catalase to M-FC and M-Endo media, respectively. Amendments of 1,000 and 2,000 U of catalase provided optimal recovery of total coliforms on mT7 medium. The catalase concentration of 1,000 U per plate was used for all media in subsequent studies.
One or more sodium pyruvate concentrations for all media permitted enhanced (P < 0.001) recovery of chlorinestressed organisms compared with recovery from nonamended media (Table 2 ). In TGY medium, all pyruvate levels except 1.0% provided a 1.7-fold increase of HPC bacteria. The highest recovery of fecal and total coliform bacteria on M-FC and mT7 media was observed with plates containing 0.05% pyruvate, whereas 0.01 and 0.05% amendments provided optimal recovery on M-Endo medium. Conversely, supplementation of M-Endo with 1.0% pyruvate resulted in a decreased detection of total coliforms compared with the control. A concentration of 0.05% pyruvate was utilized for all media in subsequent experiments.
Nine separate combinations of various catalase-sodium pyruvate concentrations were tested in M-FC medium. With the exception of plates containing 500 U of catalase plus 0.05% pyruvate, all combinations provided statistically better (P < 0.001) recovery of chlorine-stressed fecal coliforms than the control medium did (Table 3) . Maximal recovery was exhibited on plates containing 1,500 U of catalase plus 0.01% pyruvate, which was chosen as a supplement to all other media in subsequent experiments.
Comparative recovery studies with supplemented media. Those concentrations of catalase, sodium pyruvate, and a M-Endo and the combination of both compounds (Fig. 2) . No difference between the recovery on the control medium and that on medium amended with heated catalase or acetic acid was exhibited. Catalase addition provided optimal recovery of chlorine-stressed HPC bacteria (5.8 x 10' CFU/100 ml).
On M-FC media containing catalase, pyruvate, or both, recovery was statistically greater (P < 0.001) than that of other amendments tested and the control (Fig. 2) . Plates amended with catalase provided the highest recovery of fecal coliforms (1.3 x 102 CFU/100 ml).
A significant increase (P < 0.001) in recovery of total coliforms on mT7 and M-Endo media was observed with plates amended with catalase, pyruvate, or both (Fig. 2) . The addition of pyruvate to mT7 medium and catalase to M-Endo medium provided optimal recovery of chlorine-stressed cells, with mean plate counts of 6.6 x 103 and 1.2 x 104 CFU/100 ml, respectively. Overall, M-Endo medium proved superior to mT7 medium for the recovery of total coliform bacteria from chlorinated sewage.
Effect of supplements on coliform verification. On M-FC medium, verification percentages of blue colonies picked from plates containing supplements, with the exception of those containing acetic acid, were at least equal to those of the control (Table 4) . A minimum of one colony from each plate which did not produce gas in EC broth was subjected to (1, 000 U) ; H-CAT, heated catalase (1,000 U); PYRV, sodium pyruvate (0.05%); CAT/PYRV, catalase (1,500 U) and sodium pyruvate (0.01%); AA, acetic acid (0.05%).
b Calculated by dividing the number of tubes scored positive in a verification medium (see Materials and Methods) by the total sample size and multiplying by 100.
c Medium for recovery of fecal coliform bacteria. d Medium for recovery of total coliform bacteria.
identification with the API 20E system. All 11 randomly chosen colonies were identified as total coliform bacteria. Enterobacter cloacae was identified only once (from the control medium), whereas the remaining 10 colonies were Citrobacter freundii. The recovery of C. freundii was consistent on all M-FC plates and was not associated with any particular amendment. Of the yellow colonies chosen from mT7 medium, 90% or more were verified as total coliforms, except on plates containing acetic acid, which had 85% verification (Table 4) . On mT7 plates containing supplements which provided enhanced recovery of cells, the verification was not less than that calculated for the control medium. Identification of 11 colonies randomly picked from all plates which did not produce gas in brilliant green lactose bile broth was performed. Ten of the isolates were identified as Klebsiella oxytoca. The remaining isolate was identified as Serratia oderifera and was removed from mT7 plates containing pyruvate.
Verification of green-sheen colonies on all plates of M-Endo medium was 94% or better, except on plates containing heated catalase (Table 4) . Eight colonies were chosen for identification because no gas production was observed in brilliant green lactose bile broth. Four isolates were identified as K. oxytoca, and three were identified as C. freundii, and there was a single isolate of an Aeromonas sp.
DISCUSSION
Coliform bacteria are primary indicator organisms employed for analysis of treated waters; therefore, it is essential that a method or medium provide optimal detection of both noninjured and chlorine-injured cells (34) . Exposure to chlorine often renders a portion of the bacterial population injured, resulting in the inability of these indicator organisms to be recovered on recommended media (10) . Several investigators have shown that supplementation of various selective media with catalase, pyruvate, or both can improve recovery of heat-and freeze-stressed E. coli (30, 32, 35) , "Salmonella senftenberg" (37), Staphylococcus aureus (2, 8, 11, 31) , and coliforms (25) which have presumably sustained damage to the catalase enzyme necessary for degrading H202 formed during growth. However, the main objectives of these studies were related to concerns associated with areas of food microbiology employing the standard pour-or surface-plating technique as the enumeration procedure. No information which addresses the effect of chlorine stress on catalase levels in coliform bacteria associated with treated waters exists. In this paper, we propose a method by which detection of chlorine-stressed coliform and HPC bacteria can be enhanced by incorporation of catalase, sodium pyruvate, or both into recovery media. This approach was based on the hypothesis that chlorine, which attacks the bacterial membrane, will likewise affect catalase enzyme activity in the cell. The result is a debilitated state which would restrict proliferation of cells on selective media while functioning under an aerobic metabolism.
Significant reductions in catalase activity were exhibited for three different strains of chlorine-stressed E. coli (Fig. 1) . Catalase is a tetramer consisting of separate single polypeptide chains that associate with a prosthetic group (27, 43 (26, 41) , (ii) a nonselectiveselective medium overlay technique (39), (iii) preincubation on dilute selective media (19) , and (iv) elimination of selective components from recovery media (36 Supplementation of M-FC, mT7, and M-Endo media with catalase, sodium pyruvate, or both resulted in significantly better recovery of coliform bacteria from chlorinated sewage effluent. Subsequent verification of coliforms from these plates compared well with that from the control, suggesting that addition of these compounds did not promote the growth of noncoliform bacteria.
Our findings indicate that M-Endo medium provided better overall detection of total coliforms than mT7 medium did (Fig. 2) are characteristic of waters containing appreciable levels of organics and exposed to sunlight (12, 15) . Therefore, in addition to oxidative cellular damage due to chlorine exposure, water samples containing H202 may have afforded a secondary stress to injured coliforms. Hydrogen peroxide would be lost on M-Endo medium but persist on mT7 medium lacking peroxide-degrading compounds.
The existence of injured coliform bacteria in chlorinated waters presents an ongoing challenge to microbiologists attempting to detect these indicator organisms with currently accepted methodologies. We introduce a technique by which enhanced recovery of both coliform and HPC bacteria from chlorinated sewage can be attained by incorporation of catalase, sodium pyruvate, or both into standard recovery media. This is one of the first reports on utilization of these compounds in conjunction with the membrane filtration procedure for detection of injured indicator bacteria from aquatic environments.
